Salmonella Typhimurium (Le Minor and Popoff 1987; Enterobacteriales: Enterobacteriaceae) is a pathogen that causes gastroenteritis in humans and can be harbored by house flies. Factors influencing excretion of S. Typhimurium from infected flies have not been elucidated but are essential for assessing transmission potential. We determined the persistence and excretion of a green fluorescent protein (GFP) expressing strain of S. Typhimurium from house flies. Individual male and female flies were fed either sterile Luria-Bertani (LB) broth (controls) or cultures of "high" (~10 5 colony forming units [CFU]) or "low" (~10 4 CFU) doses of bacteria (treatments). Bacterial persistence was determined over 16 h by culturing whole-fly homogenate. Both sex and dose affected persistence between 6 and 12 h postingestion. In a separate experiment, fly excretion events were monitored during this time interval and excreta droplets were individually cultured for bacteria. Female flies had more excretion events than males across treatments. We observed interactions of fly sex and bacterial abundance (dose), both on the proportion of Salmonella-positive droplets and the CFU shed per droplet (CFU/droplet). In the low-dose treatment, males excreted a greater proportion of positive droplets than females. In the high-dose treatment, males excreted more CFU/droplet than females. High-dose male flies excreted more CFU/droplet than low-dose males, but lowdose females excreted more CFU/droplet than high-dose females. Irrespective of sex, low-dose flies excreted a greater dose-adjusted CFU (CFU droplet/CFU fed) than high-dose flies. This study demonstrates that both bacterial abundance and fly sex may influence excretion of bacteria from flies, and should be considered when assessing the risk of house fly transmission of pathogens.
Due to their reproductive and trophic link to microbe-rich substrates such as manure and garbage, house flies have long been implicated as reservoirs and disseminators of pathogenic bacteria and other microbes (reviewed in Nayduch and Burrus 2017) . Adult flies intimately associate with and feed upon the septic substrates they visit. As a result, numerous species of microbes, including bacterial pathogens, have been isolated from wild-caught flies in surveys (Nazni et al. 2005 , Förster et al. 2007 , Gupta et al. 2012 , Ommi et al. 2017 .
House flies are gregarious, synanthropic and zoophilic, serving as a bridge between filth and human or animal habitation. Transmission of bacteria is often by mechanical methods, such as contaminated tarsi and mouthparts (Barro et al. 2006) , but flies can also serve as biological vectors by shedding ingested bacteria in their excreta. This type of vectoring requires persistence and proliferation of pathogens within the vector followed by transmission, which, in the case of flies, would occur via regurgitation or defecation of excreta droplets. Ingested bacteria that survive in the fly gut and exit in excreta have the potential to be disseminated over time and space as the fly moves within the environment.
Bacteria ingested by flies and harbored in the alimentary canal face methods of elimination, primarily by destructive forces such as digestive enzymes and the immune response, followed by peristaltic expulsion (Terra et al. 1988 , Fleming et al. 2014 , Gill et al. 2017 . The immune response likely underlies the previously observed phenomenon that survival and persistence of bacteria in the gut was correlated with the number of cells that were ingested (Kumar and Nayduch 2016) . The homeostatic mechanism of the local gut immune response has been well described in fruit flies (Zaidman-Rémy et al. 2006 , Buchon et al. 2013 ) and involves mechanisms for scavenging peptidoglycan (PGN) shed from ingested bacteria such that unnecessary immune responses are not mounted to low-abundance populations in the gut. However, if bacterial abundance is high, either due to a large amount being ingested or subsequent to proliferation of ingested cells, the PGN scavenging capability is overwhelmed, and the immune response is activated by free PGN components. The result is that the flies mount an immune response proportionate to the number of cells (as sensed by the amount of PGN) in the gut, which allows for control of bacterial population overgrowth while preventing needless, persistent immune induction. Whether a similar mechanism exists in other flies remains to be determined, but the house fly gut epithelium mounts a local immune response to ingested bacteria , Fleming et al. 2014 , which indicates that bacteria presence is detected. Nonetheless, some species of bacteria evidently withstand or avoid these defensive assaults and can proliferate in the fly gut, sometimes persisting for several days (Greenberg et al. 1970 , Nayduch et al. 2002 , El-Bassiony et al. 2016 , Chifanzwa and Nayduch 2017 .
Salmonella enterica serovar Typhimurium (S. Typhimurium) is a zoonotic enteropathogen carried in the digestive tracts of several livestock species, including cattle, pigs, and chickens (Tauxe 1991 , Van Duijkeren et al. 2002 . Salmonella spp. were isolated from house flies in surveys from agricultural and domestic habitats (Olsen and Hammack 2000 , Ugbogu et al. 2006 , Choo et al. 2011 . Salmonella spp. survive on both the surfaces and within the digestive tracts of experimentally exposed house flies (Pava-Ripoll 2012, Thomson et al. 2017 ). Greenberg (1964) also demonstrated that house flies exposed to feces inoculated with S. Typhimurium can transmit the pathogen to humans via contaminated food. The effects of ingested bacterial dose on the persistence, proliferation, and temporal survival of a GFP-expressing strain of S. Typhimurium in house flies have been investigated previously (Chifanzwa and Nayduch 2017) . However, fly sex was not considered in study designs or analyses and effects of dose on excretion of bacteria was not determined. Thus, we investigated the role that both fly sex and bacterial abundance (dose) play in the persistence and excretion of GFP S. Typhimurium from male and female house flies.
Materials and Methods

House Fly Rearing and Preparation
Late stage pupae of M. domestica were collected from colonies established at Kansas State University in 2011. Pupae were sanitized by sequential washes in 10% sodium hypochlorite, 70% ethanol, and sterile deionized water, 2 min each. Pupae were kept individually in sterile 15 ml conical vials at 28°C for imago emergence. Newly emerged flies were sorted by sex, transferred with sterile forceps to individual sterile 60 × 15 mm plastic petri dishes (Fisher Scientific, Atlanta, GA) and fasted 24 h at 21°C under a 14:10 light:dark photoperiod. Following this, flies were fed a 5µl droplet of 10% sterile sucrose on a piece of Parafilm (Fisher Scientific). Flies were then fasted an additional 24 h at 21°C as mentioned previously, after which they were fed bacteria cultures or broth as described in the following sections.
Bacterial Culture
The strain of Salmonella enterica serovar Typhimurium (S. Typhimurium) SR-11 (Schneider and Zinder 1956) used in this study carries a pGFPuv plasmid (Clontech Laboratories, Mountain View, CA) with both kanamycin and ampicillin resistance genes (McGaughey and Nayduch 2009 ) and previously has been used in fly-feeding assays (Chifanzwa and Nayduch 2017) . Fly-feeding assays were performed using Luria-Bertani (LB) broth containing antibiotics for GFP plasmid maintenance (50 µg/ml kanamycin and 50 µg/ml ampicillin, Fisher Scientific; Amp/Kan LB). On the day prior to each assay, bacteria were cultured overnight in 50 ml Amp/ Kan LB broth at 37°C with 60 rpm rotation. On the day of the experiment, 100 µl of overnight culture was inoculated into 15 ml Amp/Kan LB. These cultures were incubated as mentioned previously and monitored via spectrophotometry (OD 600 ) for desired density. Growth curves for GFP S. Typhimurium were performed prior to fly-feeding assays (data not shown) and were used to determine time and OD 600 dynamics relative to the desired bacterial abundance (as CFU, colony forming units) to be used in the assays (i.e., high and low doses, described in the following paragraphs). Bacterial abundance was confirmed by culturing the suspension after all flies had fed on bacterial droplets.
Fly Droplet Feeding for Assays
For each replicate in each assay, individually housed flies (n = 3 males, n = 3 females) were presented a 2 µl droplet which contained either sterile culture media (Amp/Kan LB broth) and/or Amp/Kan LB broth containing high or low doses of bacteria (details for each assay follow in the subsequent paragraphs). Each assay was replicated twice.
Enumeration of GFP S. Typhimurium From Whole Homogenized House Flies
Individually housed male and female flies were fed a 2 µl droplet of Amp/Kan LB which contained either low (4.27 ± 2.00 × 10 4 CFU) or high (2.31 ± 0.52 × 10 5 CFU) doses of GFP S. Typhimurium. In each treatment and replicate, bacteria-fed flies (n = 3 of each sex) were chill-immobilized at 3, 6, 12, and 16 h postingestion (PI). Flies were surface sanitized by washing in 10% household bleach (Great Value, Walmart, Bentonville, AR) for 5 min followed by 1 min in 70% ethanol, then individually homogenized with a motorized pestle in 500 µl sterile phosphate-buffered saline (PBS; per 1 l: 8 g NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 , 0.24 g KH 2 PO 4 , pH 7.4; Fisher Scientific). Homogenate was serially diluted and cultured in duplicate on Amp/ Kan LB agar. Cultures were incubated at 37°C for 24 h for GFP S. Typhimurium enumeration.
Statistical analyses of the bacterial abundance (CFU) were performed using the GLIMMIX procedure in SAS/STAT 14.1 (SAS Institute Inc., Cary, NC). The LSMEANS and LSMESTIMATE options were invoked to compare means (1) within sex and dose treatment across PI time points and (2) within each PI time point (a) across sex, within dose treatment and (b) across dose treatment within sex. In order to include zero CFU values, the measured CFU variable was transformed, Log 10 (CFU + 0.01). The sex, dose treatment, and PI time points were all fixed effects and the replicate was random with each fly identified as the experimental unit.
Observation of Excretion Events and Enumeration of GFP S. Typhimurium in Excreta Droplets
Individually housed male and female flies were fed a 2 µl droplet of Amp/Kan LB (broth, controls) or Amp/Kan LB which contained either low (3.26 ± 0.01 × 10 4 CFU) or high (1.39 ± 0.01 × 10 5 CFU) doses of bacteria (treatments). Flies were then left at room temperature (~21°C) and observed continuously from 6 to 12 h PI. Beginning at 6 h PI, flies were transferred to fresh, sterile 60 × 15 mm Petri dishes with sterile forceps. For the next 6 h, individual flies were monitored and excretion events (droplets that were either regurgitated or defecated) were documented and circled on each Petri dish at the time of excretion. At 30-min time intervals, each fly with an excretion event was briefly chill-immobilized by covering the dish with crushed ice and transferred to a new Petri dish at the start of the next interval. After the fly was transferred, individual excreta droplets were washed from the Petri dish with sterile PBS via repeated pipette aspiration, and each was cultured on Amp/Kan LB agar. Culture plates were incubated at 37°C for 24 h for enumeration of GFP S. Typhimurium.
Statistical Analysis of Excretion Events and Bacteria Enumeration
There were four questions regarding the excretion events and enumeration of bacteria from excreta across fly sex and treatment (low, high doses of bacteria). (1) Do the number of excretion events differ across treatments [control (broth), low-dose bacteria, high-dose bacteria] within each fly sex? This analysis was performed with a twoway ANOVA in the Fit Model application of JMP 12 (SAS Institute Inc.). The dose treatment and sex were fixed effects and the replicate was random.
(2) Does the proportion of "positive" droplets (i.e., droplets positive for GFP S. Typhimurium out of the total number of droplets) differ between low-and high-dose treatments, and is there an effect of sex within treatment and/or an effect of treatment within sex? This analysis was performed using the GLIMMIX procedure in SAS/STAT 14.1. The fixed effects of the sex and dose treatments were modeled on the proportion of infective excreta droplets of the total events using the binomial distribution. The replicate was a random effect in the model. The post hoc comparisons of sex, dose treatments, and their interaction were calculated with the LSMEANS option. (3) Does the mean abundance of bacteria (mean CFU) per positive droplet differ between low-and high-dose treatments, and is there an effect of sex within treatment and/or an effect of treatment within sex? For this analysis, CFU from bacteria-positive excreta droplets were natural log-transformed prior to statistical analysis. Analysis was performed using the GLIMMIX procedure in SAS/STAT 14.1. The fixed effects were sex and dose treatments and the replicate was random. The time to the excreta event was modeled as a repeated measure with individual fly identified as the subject unit. The covariance of the excretion time from observation to observation within each fly is a compound symmetry relationship. Post hoc comparisons of the fixed effects and their interaction were determined with the LSMEANS and ESTIMATE options. (4) Does the dose-adjusted mean CFU per droplet differ between low-and high-dose treatments, and is there an effect of sex within treatment and/or an effect of treatment within sex? For this analysis, raw CFU per positive droplet were divided by the amount fed in that treatment (i.e., this dose-adjustment gives values that represent the fraction of the amount ingested that was present in excreta). These data were analyzed using the GLIMMIX procedure in SAS/STAT 14.1. The fixed effects were sex and dose treatments and the replicate was random. Post hoc comparisons of the fixed effects and their interaction were determined with the LSMEANS and ESTIMATE options in SAS.
Results
Enumeration of GFP S. Typhimurium From Homogenized House Flies
Bacteria were enumerated from whole, surface-sanitized male and female flies that were fed high and low doses of bacteria ( Fig. 1) . Overall, there were significant effects of sex (F = 4.16, df = 1,75, P = 0.045), treatment (F = 15.57, df = 1,75, P = 0.0002), and time (F = 6.15, df = 1,75, P = 0.0009) on the mean CFU recovered from flies. Post hoc comparisons were made across time points within sex and treatment. Additionally, CFU was compared within each time point both within treatment across sex and within sex across treatment as follows.
CFU comparisons across time points
Interestingly, bacterial persistence patterns were similar across male and female flies fed the high dose of bacteria (Fig. 1) . In both sexes, there was a significant difference in the mean CFU recovered from flies between 3 and 16 h PI (males: t = 2.21, df = 75, P = 0.0298; females: t = 2.03, df = 75, P = 0.0455). In contrast, mean CFU recovered from male and female flies fed the low dose of bacteria had somewhat dissimilar patterns of persistence. In male flies fed the low dose of bacteria, there was a significant difference in the mean CFU recovered between 3 and 12 h (t = 3.54, df = 75, P = 0.0007) and 3 and 16 h PI (t = 3.84, df = 75, P = 0.0003), and only 67% of flies had recoverable GFP S. Typhimurium at both 12 and 16 h PI. However, the mean CFU cultured from female flies that were fed the low dose of bacteria was not significantly different between any of the time points.
CFU comparisons within time points
The only significant differences in mean CFU recovered from flies were seen in comparisons to the low-dose male flies, who differed from high-dose males at 12 h (t = −3.55, df = 75, P = 0.0007) and 16 h PI (t = −2.32, df = 75, P = 0.0231) and from low-dose females also at these same time points (12 h: t = −2.14, df = 75, P = 0.0358; 16 h: t = −2.66, df = 75, P = 0.0095).
Excretion Events From Male and Female Flies Fed Control Broth and Low and High Doses of GFP S. Typhimurium
Excretion events
There was no difference in the number of excretion events ( Fig. 2A ) between flies in control, low-dose and high-dose treatments (F = 0.1815, df = 2, 2, P = 0.8350), and there was no interaction between treatment and sex (F = 0.1913, df = 2, 29, P = 0.8269). However, there was a sex effect (F = 0.1913, df = 1, 29, P = 0.0004), and female flies had more excretion events than male flies in each treatment ( Fig. 2A) as well as overall (mean number of events: females, 8.11; males, 4.94). The remaining analyses, in the following paragraphs, were conducted on flies in the bacteria treatment groups only. CFU of GFP S. Typhimurium enumerated from these flies and times of excretion events shown in Fig. 3 were used for these analyses. We noted that female flies in either treatment shed a larger number of excreta droplets without GFP S. Typhimurium than males (Fig. 3) . For example, in the low dose, only two male flies shed excreta without bacteria (five total droplets), whereas four of six females shed excreta without bacteria (34 total droplets), and three of those females shed no bacteria in any of their excreta. In the high dose, three of six males shed excreta without bacteria (12 total droplets), with one male shedding no bacteria; however, five of six females shed excreta without bacteria (24 total droplets), and two of those females shed no bacteria in any of their excreta. Although these data were not analyzed separately, they are incorporated within the proportion analysis that follows.
Proportion of Salmonella-positive excreta droplets
There was no overall effect of treatment on the proportion of positive excreta droplets (those containing GFP S. Typhimurium) shed by flies (F = 0.01, df = 1,19, P = 0.9335). The mean ± SEM proportions of positive droplets in each group (irrespective of sex) were: high dose, 0.63 ± 0.29; low dose, 0.64 ± 0.29. However, there was a sex and treatment interaction (F = 5.26, df = 1,19, P = 0.0333), which was apparent in the low-dose treatment (t = 3.83, df = 19, P = 0.0011). Notably, the proportion of the positive droplets was greatest in low-dose males (0.85 ± 0.17) (Fig. 2B ). 
Abundance of GFP S. Typhimurium shed in fly excreta
There was no overall effect of treatment on the abundance of bacteria (CFU) shed by flies in excreta droplets (F = 0.07, df = 1,75, P = 0.7909). The mean ± SEM CFU GFP S. Typhimurium in excreta droplets in each treatment (irrespective of sex) were: high dose, 448.05 ± 134.97; low dose, 322.07 ± 68.78. However, there was a sex and treatment interaction (F = 13.4, df = 1,75, P = 0.0005) evidenced in a treatment effect on the CFU excreted in both females and male flies. In females, high-dose flies excreted 152.67 ± 88.01 CFU and low-dose flies excreted 374.94 ± 67.72 CFU (t = −2.71, df = 75, P = 0.0084). In males, high-dose flies excreted 792.67 ± 254.22 CFU and low-dose flies excreted 280.70 ± 111.28 CFU (t = 2.46, df = 75, P = 0.0162). Within treatment (dose), CFU excreted in droplets from male and female flies differed only in the high-dose treatment Typhimurium and excretion events were continuously monitored during the 6-to 12-h postingestion interval. Time and number of events were recorded, and excreta were collected for bacteria culture and enumeration, as described in the methods. Log 10 (CFU + 1) shown. Control flies fed LB broth also were monitored for time and number of excretion events but contained no CFU of GFP S. Typhimurium and are not represented here.
(t = 3.66, df = 75, P = 0.0005). Of note, high-dose males excreted the greatest number of bacteria (Fig. 2C) .
Dose-adjusted GFP S. Typhimurium shed in fly excreta
There was an overall effect of treatment on the dose-adjusted CFU shed by flies (CFU in the droplet/CFU ingested), with low-dose flies excreting a greater abundance of dose-adjusted CFU than high-dose flies (F = 7.19, df = 1,75, P = 0.009). The mean ± SEM dose-adjusted CFU in excreta droplets in each treatment (irrespective of sex) were: high dose, 0.28 ± 0.34; low dose, 0.88 ± 0.34. There was not an overall sex and treatment interaction (F = 5.92, df = 1,75, P = 0.1206). However, within females, dose-adjusted CFU differed between highand low-dose treatments (t = −2.98, df = 75, P = 0.0039), and within the high-dose treatment, dose-adjusted CFU differed between male and female flies (t = 2.33, df = 75, P = 0.0226) (Fig. 2D ).
Discussion
Culture of whole, surface-sanitized flies revealed similar patterns of persistence of GFP S. Typhimurium in both male and female flies fed the high dose of bacteria (~10 5 CFU per fly), but sex effects were seen in flies from the low-dose treatment groups (~10 4 CFU per fly). Apart from our statistical analyses, we noticed distinct patterns of bacterial persistence between high-and low-dose treatments within 6 and 12 h PI (Fig. 1 ). During this time interval, bacterial abundance was static (or slightly proliferating) in flies in the high-dose treatments, whereas bacterial abundance declined in flies that ingested the low dose. Thus, this time interval was selected to determine if excretion of bacteria also differed across fly sex and ingested bacterial dose.
Our results showed that female flies that ingested either control broth, or low or high doses of bacteria had more excretion events than male flies between 6 and 12 h PI ( Fig. 2A) . Although we did not note any obvious differences in the size of excreta droplets from male and female flies, the volume of each droplet should be measured in future studies in addition to the number of events in order to determine whether the total volume excreted (e.g., the sum of all the excreta droplets) is different across treatments.
Although female flies had more excretion events than males in the 6-h interval, our subsequent analyses revealed that male flies posed a greater risk of being potential vectors. In the high-dose treatments, there was no significant difference in the CFU cultured from male and female flies over time (Fig. 1) . Likewise, there was no difference between the proportion of positive (containing GFP S. Typhimurium) droplets that were shed (Fig. 2B ). However, male flies fed the high dose of bacteria excreted the greatest mean abundance of GFP S. Typhimurium per droplet compared to all of the other treatment groups (Fig. 2C) . Thus, male and female flies who ingested the high dose had the same dissemination potential (i.e., proportions of positive excreta droplets), but high-dose males posed the greater risk of pathogen transmission because they shed more bacteria in their excreta droplets.
The greater vectoring potential of male flies also was evident in our low-dose bacteria treatments. Male flies who ingested the low dose of GFP S. Typhimurium lost significant numbers of bacteria over time (Fig. 1) , but excreted more than twice as many positive droplets as low-dose females (85% vs 36%, respectively; Fig. 2B ). However, the mean CFU per droplet was the same in both males and females that ingested the low dose (Fig. 2C) . Thus, our results show that male flies that ingested the low dose of bacteria showed the greatest dissemination potential, but that both sexes posed the same risk of pathogen transmission per droplet. If dissemination potential and pathogen transmission risk are considered together (e.g., positive droplets/total droplets by mean CFU/positive droplet), among all treatment groups, the greatest vectoring potential was seen in the high-dose male flies while the lowest was seen in high-dose females.
Our results revealed both sex and bacterial-dose effects on bacterial persistence and excretion. Physiological differences between male and female flies that may underlie sex effects remain to be determined, but sex-specific nutritional needs such as female protein requirements for vitellogenesis (Kobayashi 1934 ) could putatively impact digestive processes and peristalsis rates. Our future studies are aimed at determining if there is a sex effect when bacteria are fed in other types of media and substrates, especially those that would better represent bacterial acquisition in natural conditions. Dose effects on bacteria persistence and excretion in both male and female flies may be mediated by the local epithelial immune response in the gut. Insight into this effect is evident in the comparisons of dose-adjusted CFU across treatment groups. Irrespective of sex, flies that ingested the low dose of GFP S. Typhimurium shed a larger fraction of what they ingested as compared to flies who ingested the high dose. This phenomenon may occur if the low dose of bacteria were below the threshold of local immune detection and/or immune stimulation in the gut. In addition to digestion, pH extremes, and entrapment by the peritrophic matrix (Nayduch and Burrus 2017) , bacteria ingested by flies also face destruction by the house fly immune response, which has been shown to be induced on both the mRNA and protein level in the alimentary canal of flies that have ingested bacteria , Fleming et al. 2014 . Previous studies have proposed that this local immune response mediates dose-dependent effects on bacterial survival in house flies Nayduch 2016, Chifanzwa and , where low doses (i.e., abundances below a "threshold" amount that remains to be determined) do not induce the immune response and therefore either have enhanced persistence (surviving through the gut to excretion) or may even replicate if nutritional resources are available. However, should the bacteria populations rise above this tolerated threshold, the immune response would be induced to subsequently reduce the populations below the threshold level. The feedback mechanism between the local immune response in the gut and microbiome homeostasis has been described in fruit flies (Zaidman-Rémy et al. 2006 , Buchon et al. 2013 ) and involves interactions between sensor and scavenger peptidoglycan recognition proteins (PGRPs) that effectively detect levels of bacteria (via PGN) and modulate the appropriate response. PGRP orthologs have been identified in the house fly genome (Scott et al. 2014) , as have the rest of the components of the immune deficiency and Toll innate immune pathways, making it plausible that a similar mechanism operates in house flies. To further address this hypothesis, we are currently investigating dose and sex effects on innate immune gene expression in the alimentary canal of house flies that have ingested bacteria.
Although our results show that male flies posed a greater risk of vectoring and disseminating GFP S. Typhimurium than female flies, further studies are needed to bolster these conclusions. Excretion events were only observed during 6-12 h PI and therefore excretion that occurred during the remainder of the experimental period was not captured. Future studies should be aimed at observing excretion events during the entire time course after ingesting bacteria. Additionally, it would be interesting to determine if the ingestion of a second meal affects peristalsis rates and excretion as well as bacteria population dynamics, as the meal may provide additional nutrition to both the microbes and the flies. We have previously shown that male and female flies differentially acquire and harbor GFP S. Typhimurium and GFP E. coli from inoculated manure (Thomson et al. 2017 ), but did not investigate excretion from the flies in those experiments. In the future, we aim to determine if sex (and possibly dose) affects not only the excretion of bacteria from flies but also the acquisition from natural sources and substrates, rather than culture media, through to excretion and dissemination. Finally, sex effects on synanthropic and zoophilic behaviors have not been identified to our knowledge but also are integral in fully assessing vector potential and vectorial capacity of flies.
